Abstract.
A significant number of summertime cold fronts in southeast Australia have gravitycurrent-like features (Garratt et al., 1985) , including those occurring along the east coast of Australia referred to as the Southerly Buster. Similar types of cold fronts have been observed in the vicinity of the Rocky Mountains (Shapiro et al., 1985) . In Europe, many cold fronts change their propagation speed signific@y as soon as they approach the Alps with eastward-moving fronts being deformed, retarded or even diminished in intensity by the Alps. Some fronts propagate faster in the vicinity of the Alps than elsewhere (Figure 1 ). A rough estimate shows that close to the Alps the front in Fiiure 1 propagates at a speed of about 10 m s -' (between 06 and 12 UTC) whereas north of the Danube river the front moves with about half this speed. Observations suggest that at least some of these fronts have the local character of a gravity-current, but not all claims to this effect seem to be well-founded.
A foehn is a warm, dry, and gusty wind descending in the lee of a mountain range. North of the Alps, in the prefrontal region, there frequently is a foehn which leads to less cloud formation in the lower troposphere than usually expected in prefrontal areas. The warm foehn air originating from the south-westerly regions replaces the rest of the cold air which has been transported towards the Alps. The foehn air is very dry up to 3 to 4 km, and cannot support cloud formation or precipitation. This foehn effect can sometimes be observed up to a distance of 200 km north of the Alps, and is frequently noticed up to 50 km (Hoinka and Rosier, 1987) . After the breakdown of the foehn, the polar air mass is advected towards the Alps behind the front and is blocked by the Alps, leading to frontal precipitation augmented by the orography, presumably because of uplift.
In this note, we show that frontal distortion through orographic channelling can occur under the influence of orography arising only from the thermodynamic effects of the orography on the flow, in particular from the low-level air-mass modification in both the prefrontal 'off-orography' flow (foehn) and the postfrontal 'on-orography' flow (blocking). We follow the analysis by Garratt (1985) very closely in which he discussed the boundary-layer effects on the cold air channelling at a coastline. The surface cold front is assumed to behave as an atmospheric gravity current, with speed 'u' given by
where g is the acceleration due to gravity; h is a representative depth of the cold air; and 0, and 0, are potential temperatures of the warm and cold air, respectively. Both air masses are assumed to be well mixed horizontally (parallel to the front) and vertically.
Observations suggest that between the warm foehn air and the colder surface air, there is a strong inversion at a height z = 6 (Hoinka and Rosier, 1987) . This 6 increases northward with decreasing foehn effects at a rate of about 500 m per 50 km. For present purposes, we represent this structure with a two-layer model ( zone where 6 < h, we evaluate 6 by using
where -7r/2 I 9 I + 42. This expression for 6(x) is a simple analytical form of the observed interface. The mean prefrontal temperature 0, between the surface and z = h, is given simply (Garratt, 1986 ) as a weighted mean of the temperatures of the lower layer 0, and of the foehn layer 0,
In case of flow towards the Alps, precipitation is generated by uplift, so that the heat of condensation produces warming of the air mass. To estimate the complex 'thermodynamic' effect of blocking, we consider for simplicity two extreme cases, the 'wellmixed' one and the 'evaporation' one. In a vertically well-mixed atmosphere in conjunction with a low cloud base, the heat of condensation is distributed in the layer between the ground and the cloud top, so that the postfrontal air is warmer than without the condensation. In the case of vertically stable stratification, parts of the rain evaporate in the sub-cloud layer, so that the air temperature decreases in this layer. The flow towards the Alps provides sulhcient humidity so that the decrease in temperature continues until the air is close to saturation. First let us consider an example for the 'well-mixed' case. An air mass at 290 K and mixing ratio of 5 g kg-' is heated by about (A@), = + 1.5 K due to condensation as soon as the mixing ratio is reduced by 10% and the condensed water falls out as precipitation. For the 'evaporation' case, we assume an increase in relative humidity from 80 to 95 % for the layer where the rain evaporates. Applying c,AT z L,Am, with cP = lo3 J/(kg K), L, = 2.5 x IO6 J kg-' and Am the difference in mixing ratios corresponding to the difference in relative humidities, leads to a decrease in temperature of about (A@), = -5 K.
The thermodynamic effect of blocking on the air might be roughly approximated by increasing or decreasing the postfrontal air by a heat excess due to condensation or evaporation. For the present purpose, we assume that this thermodynamic process is effective only in the first 100 km north of the Alps. We use typical values observed during strong foehn events with 0, = 300 K, 0, = 295 K, 0, = 290 K, (A@), = -5 K and (A@), = 1. In the first experiment, we assume that there is a prefrontal foehn but no postfrontal blocking and the slope of the terrain is zero (CI = 0). The results of the spatial variation in (0, -0,) and, hence, in the speed a, is to produce sequential frontal positions as shown in Figure 3 (full lines). There is a strong acceleration of the cold air close to the mountains. The frontal speed at the northernmost point is 12.6 m s-i and at the baseline of the Alps 17.8 m s '.
The thermodynamic effect of blocking in the 'mixing' case reduces the speed of the propagation to about 16.3 m s -' in the vicinity of the mountain (Figure 3 , short-broken lines). The next experiment shows the influence of a sloping lower boundary (Figure 3 , long-broken lines). A realistic value for c1 is a slope of 100 m per 50 km northwards in southern Germany. The front is again decelerated at the baseline of the Alps. The speed is now 13.6 m s-i. In Figure 3 the frontal disortion is also shown for the 'evaporation' case. At the baseline of the Alps, the speed of propagation increases up to 22.2 m s -' (short-broken lines). Besides this acceleration, it is observed that frontogenetic effects are strengthened by cooling through evaporation of falling rain in cloudy areas (Kurz, 1984) . The effect of the sloping terrain reduces the propagation speed to 18.6 m s-'.
The results of this note corroborate some observed features of fronts in the vicinity of the Alps. However, real fronts are much more complicated. Other, nondiabatic processes, e.g., heating by increased incoming solar radiation due to less cloudiness in foehn areas, would also influence the propagation of density-current-type fronts. Additionally, actual fronts would be influenced by differential friction and would be influenced dynamically by orography (e.g., modification of the prefrontal low-level jet) in addition to the above mechanisms.
